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Abstract

Purpose—To determine if inhibitors of the human growth factor receptor (HER) family can be
used to enhance tumor vascular permeability and perfusion and optimize the efficacy of cytotoxic
chemotherapeutics. Poor tumor vascular function limits the delivery and efficacy of cancer
chemotherapeutics and HER family tyrosine kinases mediate tumor-endothelial signaling in both
of these compartments.

Materials and Methods—BT474 human breast cancer tumors were established in mice and the
biologic effects of the HER tyrosine kinase inhibitor (TKI) gefitinib on tumor vascular function
was determined by dynamic contrast enhanced MRI (DCE-MRI), and on tumor vascular
architecture and perfusion by immunofluorescence microscopy.

Results—A brief dose of gefitinib enhances the anti-tumor activity of paclitaxel in vivo but not
in cell culture, suggesting that its chemo enhancing activity involves the in vivo micro-
environment. A brief high dose of gefitinib induces a decrease in endothelial transfer constant Kps
and a concomitant increase in tumor fractional plasma volume (fPV). These changes are
accompanied by a rapid reduction in tumor volume likely due to decreased tumor edema, and
modestly improved tumor vascular architecture and perfusion on microscopy.

Conclusion—These data suggest that HER family TKIs have the potential to optimize the tumor
microenvironment for delivery of cytotoxic chemotherapeutics.
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Introduction

The treatment of solid tumor cancers is notoriously restricted by poor penetration of
chemotherapeutic drugs into tumor tissues (reviewed in (1)). A major barrier to drug
delivery is the structurally and functionally abnormal tumor vasculature. They are porous,
disorganized, and dysfunctional, and result in an abnormal tumor microenvironment
characterized by interstitial hypertension, hypoxia, and acidosis ((2) and reviewed in (3)).
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These properties prevent efficient delivery of therapeutics to tumor cells. As such, there is
considerable interest in developing adjunctive modalities to enhance the delivery of drugs
into tumor tissues. Agents that target tumor endothelium have been at the forefront of this
endeavor, in particular agents that target vascular endothelial growth factor (VEGF)
signaling. Anti-VEGF therapies induce tumor vascular remodeling accompanied by
functional changes that include decreased tumor interstitial fluid pressure and re-
establishment of a hydrostatic pressure gradient across the normalized vascular wall which
facilitates drug transport (4). Looking at albumin perfusion and diffusion into tumor tissues,
Tong et al reported a significant decrease in aloumin permeability across the tumor vascular
walls after treatment with anti-VEGFR2 antibodies, but deeper penetration of albumin into
tumor tissues (4). This treatment hypothesis has been supported by phase I11 clinical studies
showing that the addition of anti-VEGF antibodies significantly improves the efficacy of
chemotherapeutic agents in cancers of the breast, colon, and lung (5-7).

Dynamic contrast enhanced MRI (DCE-MRI) using macromolecular contrast media with
pharmacokinetic modeling has proven highly instrumental in characterizing and confirming
the functional changes in tumor vasculature, in particular trans-endothelial permeability,
following treatment with vascular targeting drugs. Elevated Kps is a pathologic feature of
hyperpermeable tumor vasculature since it is not usually seen in benign lesions, but
frequently seen in malignant tumors (8). Studies by us and other groups using DCE-MRI in
preclinical models confirm that several classes of agents that target VEGF signaling induce a
reduction in tumor trans-endothelial permeability (Kps) (9-14). These effects are evident as
early as 24 hours of treatment in some models.

Tumor vasculature is also regulated by signaling pathways other than the VEGF receptors
and these alternate pathways can potentially be targeted to enhance vascular function. The
human epidermal growth factor receptor (HER) family of tyrosine kinases (TKs) are widely
expressed in adult tissues and signal diverse cellular functions including proliferation,
differentiation, metabolic functions and cell survival. When deregulated in certain cancers,
HER kinases promote uncontrolled growth, invasiveness, hypermetabolism and anti-
apoptotic attributes (15). HER kinases also mediate some of the angiogenic properties of
cancer cells (16,17). Importantly, HER kinases are involved in angiogenic signaling both
within tumor cells through regulation of VEGF expression, and within endothelial cells
through regulation of Akt signaling (18-22). This suggests that inhibitors of HER TKs may
target both the tumor and microenvironment compartments and may have enhanced ability
to improve tumor vascular function.

HER TKIs can enhance the anti-tumor effects of chemotherapeutic agents in preclinical
models (23,24). But this effect is modest in preclinical models and is not seen in phase 111
clinical studies (25,26). Recent evidence suggests that Akt-driven feedback signaling
through HERS3 significantly attenuates the effects of TKIs and much higher potency or high
dose TKIs are required to effectively suppress HER family signaling (27). This intrinsic
resistance is overcome by use of HER TKIs at high dosages and has significant implications
for the future use of these agents. The clinical use of TKIs at high doses given daily is
impractical due to their dose-limiting toxicities. However when used as chemosensitizers,
they need not be used in continuous daily dosing. For this purpose they can be used in a
brief one or two day dose which is more tolerable and allows higher doses to be
administered. The brief but higher dose can be administered immediately prior to
chemotherapy optimizing their use as chemosensitizers. The higher dose also allows better
penetration of the TKI into tumor tissues and inactivation of targets within tumor cells and
tumor vasculature, optimally priming the microenvironment for chemotherapeutic delivery.
In this paper we report the effects of the HER TKI gefitinib on tumor vascular function by
dynamic contrast enhanced MRI (DCE-MRI.). We compare the effects of a brief high dose
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with a lower continuous dose and find highly favorable improvements in tumor vascular
function in the time period immediately following a high dose, but not with continuous low
dose therapy. These effects include a transient reduction in tumor Kps accompanied by an
increase in fPV and slight decrease in tumor volume immediately following the pulse high
dose of gefitinib. The favorable effects of high dose gefitinib on chemodelivery are
corroborated by tumor growth studies and by fluorescence microscopic analysis of tumor
sections.

Cell culture and cell based assays

Human BT474 breast cancer cells were obtained from the American Type Culture
Collection (ATCC) and maintained in RPMI media supplemented with 100 U/ml penicillin,
100pg/ml streptomycin, 4mM glutamine, and 10% fetal bovine serum and incubated at 37 C
in 5%C05. A highly tumorigenic subline of the parental BT474 cells were used in this study.
For assays of apoptosis, cells were seeded in 10cm dishes and the following day treated with
the indicated drugs for 24 hours. Cells were then collected by trypsinization and analyzed
for Annexin V binding using the Invitrogen kit according to manufacturers’ protocol.
Annexin V binding is widely used to identify apoptotic cells. The percentage of cells
binding Annexin V was quantified by flow assisted cell sorter (FACS) analysis counting
20,000 events.

Animal anti-tumor studies

MRI studies

NCR nu/nu mice pre-implanted with estrogen pellets (0.72ug, Innovative Research) were
injected subcutaneously with 10 million tumor cells and allowed to grow until
approximately 200-300 mm3 in size. At that time mice were randomized into the indicated
treatment arms. In these experiments, gefitinib is administered at its maximal tolerated dose
(MTD) in the continuously dosed and pulsed arms in order to most effectively predict how
these schedules would compare in clinical scenarios. The MTD for gefitinib when given as a
two day dose preceding weekly paclitaxel is 250 mg/kg which is more than four times
higher than the MTD of 60 mg/kg when given every day along with weekly paclitaxel. The
paclitaxel alone group received paclitaxel 30 mg/kg administered intraperitoneally (IP) once
per week for three weeks. All other paclitaxel containing arms received the same dose and
schedule of paclitaxel. Gefitinib was administered at the maximum tolerated dose in each of
the gefitinib combination arms. The daily gefitinib alone group received gefitinib once per
day by oral gavage at 150 mg/kg. The daily gefitinib and paclitaxel group received gefitinib
at 60 mg/kg. The pulse gefitinib and paclitaxel group received gefitinib for two days prior to
paclitaxel at 250 mg/kg. The control group received daily vehicle (PBS-tween) by oral
gavage. Animals were monitored daily and tumors measured by calipers twice per week.

For imaging studies, mice were implanted with BT474 cells and tumors were allowed to
grow to approximately 100 mms3. Mice were selected for MRI studies from a larger cohort
of tumor-bearing mice, size-matched and randomly assigned to the experimental arms. Mice
were treated according to three arms of 5-6 mice each. In the continuous treatment arm,
mice were treated with daily gefitinib at a daily dose of 150 mg/kg. In the pulse treated arm,
mice were treated with two days of gefitinib at 1000 mg/kg. The pulsed gefitinib arm was
dosed high to allow the detection of subtle, but functionally important, effects below the
sensitivity of MRI. Control mice were treated with vehicle carrier. All treatments were by
oral gavage. MRIs were obtained at three timepoints in all experimental arms. These were at
baseline, and again on day 3, and on day 8 (see schematic, figure 3A). Mice were imaged in
pairs in a clinical MRI scanner using a wrist radiofrequency coil (Medical Advances,
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Milwaukee, WI). The mice were anesthesized by inhalation with 1.5% isoflurane
administered via an MR-compatible mobile inhalation anesthesia system (Vet Equip,
Pleasanton, CA). The tail vein was cannulated before the mice were placed in the magnet for
contrast medium injection during MRI. MRI was performed on a 1.5T Signa whole body
MRI scanner (General Electric Medical Systems, Milwaukee, WI1). Precontrast tissue T4
(T10) was measured using a 3D variable flip angle fast gradient-echo technique (28). DCE-
MRI was performed using a T1-weighted 3D gradient-echo sequence (TR=10.2 msec,
TE=4.2 msec, FA=20°, FOV=10x10cm, imaging matrix=256x192, slice thickness=1.0mm,
NEX=1) with a time resolution of 63 seconds over a period of 48 minutes. Five precontrast
scans were acquired before the mice were injected via the tail vein with 0.03 mmol/kg
albumin-(Gd-DPTA)3 in a volume of 100 ul (29).

Quantitative analysis of albumin-(Gd-DTPA)3g enhanced MR imaging data was based on a
two-compartment, unidirectional pharmacokinetic model, which assumes no reflux of the
macromolecular contrast material (MMCM) from the tumor interstitium into the vascular
compartment during the time course of the imaging experiment (30,31). Details regarding
the pharmacokinetic analysis of the DCE MRI data have been previously described (9). In
brief, the time course of the intravascular contrast agent (CA) concentration measured from
the abdominal aorta (or vena cava) was fit to a mono-exponential model, producing an
effective vascular input function (VIF) for each examination. Lesion boundaries were
assigned manually in the DCE MRI images. The endothelial transfer constant Kps (ml/min/
100ml tissue) and the fractional plasma volume fPV were estimated on a pixel-by-pixel
basis for the regions of interest (ROIs) encompassing the entire tumor. A map of scaled
fitting error (SFE) (9,32) was generated as an integral part of each fitting procedure to assess
the discrepancy between the derived curve and the original data. Estimation of the tumor
volume and the statistical analysis included all voxels within the tumor boundaries that fell
into the following criteria: 1) voxel associated with a good fit to the model (SFE < 50%); 2)
voxel with the fPV value within the physiological range of a living tissue (0 < fPV < 0.5).
Voxels, which did not meet the above criteria, were omitted, i.e., the value of the Kps and
fPV were set to zero and excluded from the tumor volume estimation and the statistical
analysis. The SFE threshold value of 0.5 was empirically determined according to the
overall signal to noise ratio (SNR) in the DCE MRI data being analyzed.

Lectin perfusion studies

Mice bearing 100 mm3 BT474 tumors were treated with 1000 mg/kg gefitinib or vehicle for
2 days and the histologic analyses were conducted on the third day. The third day
corresponds to the timepoint of the MRI studies and the time point of paclitaxel
administration in the other experiments described here. Four gefitinib treated and four
control mice were studied. For this analysis, mice were anesthetized and administered 100
ug of fluorescein isothiocyanate (FITC)-labeled lectin (Vector Labs, Burlingame, CA) in
0.9% NaCl (100 pl) by tail vein injection (33). Two minutes later the chest was opened
rapidly, and the vasculature was perfused for 2 min at a pressure of 120 mmHg with fixative
(1% paraformaldehyde in phosphate buffered saline (PBS), pH 7.4, Sigma, St. Louis, MO)
from an 18-gauge cannula inserted into the aorta via an incision in the left ventricle. Blood
and fixative exited through an opening in the right atrium.

After fixation by vascular perfusion, organs and tumors were removed, rinsed several times
with PBS, infiltrated with 30% sucrose, and frozen in OCT compound. 80 uM cryostat
sections were permeabilized and incubated in 5% normal serum in PBS-T (containing 0.3%
Triton X-100, 0.2% bovine serum albumin (Sigma), and 0.01% thimerosal (Sigma)) for 1 hr
at room temperature to block non-specific antibody binding. Sections were incubated with
anti-CD31 antibodies (PECAM-1, clone MEC 13.3, 1:1000, Pharmingen, San Diego, CA) in
5% serum in PBS-T overnight at room temperature. Sections were stained with secondary
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anti-rat Cy3 antibodies, rinsed with PBS-T, fixed in 4% paraformaldehyde, rinsed again with
PBS, and mounted in Vectashield (VVector Laboratories, Burlingame, CA). Sections were
examined under fluorescence microscopy using appropriate filters.

Mice bearing BT474 breast cancer xenograft tumors were treated with the chemotherapeutic
agent paclitaxel and the HER family TKI gefitinib in different schedules. In this tumor
model, the addition of continuously dosed gefitinib at its maximum tolerated dose to
paclitaxel does not enhance the anti-tumor effects of paclitaxel significantly (figure 1,
compare arms B & D). However, when gefitinib is given just two days prior to paclitaxel,
much higher doses can be delivered, and the anti-tumor efficacy of paclitaxel is enhanced
(figure 1, compare arms D & E). A two day pulse of gefitinib is only effective if given
preceding paclitaxel, but not following paclitaxel (not shown). The beneficial effects of a
gefitinib pulse preceding the paclitaxel are not just due to the higher gefitinib pulse dose,
since this effect is not apparent in the control arm that received the same dose gefitinib pulse
without paclitaxel (figure 1, compare arms E & F).

Paclitaxel is a cytotoxic chemotherapeutic agent and induces a dose-dependent pro-apoptotic
effect on tumor cells. However the addition of gefitinib does not enhance the pro-apoptotic
effects of paclitaxel on tumor cells including BT474 cells (figure 2). No enhancement of
paclitaxel induced apoptosis is seen whether gefitinib is administered prior to or
concomitant with paclitaxel or at concentrations up to 50 uM (figure 2 and data not shown).
Therefore the gefitinib-induced paclitaxel sensitization that we see in vivo must involve
mechanisms that involve the in vivo microenvironment. We hypothesized that gefitinib
induces changes in tumor vascular function, in particular permeability characteristics, that
enhance the in vivo potency of paclitaxel. To study this hypothesis we studied the effects of
gefitinib on tumor microvascular function by dynamic contrast enhanced MRI (DCE-MRI).

DCE-MRI using macromolecular contrast agents is particularly well suited for studying
tumor vasculature as their minimal leakage from normal vessels and their prolonged
intravascular retention makes them particularly well suited for studying tumor vascular
hyper-permeability characteristics. A two day pulse of gefitinib treatment produces a
transient but significant reduction in the endothelial transfer constant (Kps) that returns to
baseline by day 8 (figure 3B). A similar reduction in Kps is not seen with the lower
continuous dosing of gefitinib. In addition, the two day pulse of gefitinib results in a
transient increase in tumor fractional plasma volume (fPV), a measure of tumor perfusion
(figure 3C). The increase in fPV seen immediately following the 2 day pulse of gefitinib
returns to baseline by day 8. Continuous gefitinib treatment also produces a gradual increase
in fPV over the same time period (figure 3C). Tumor in control mice show no clear evidence
of changes in Kps or fPV in this analysis.

Analysis of tumor volumes reveals an unexpected and interesting finding in pulse-gefitinib
treated tumors. There is a small reduction in tumor volume immediately following two days
of a gefitinib pulse (figure 3D). This is not due to tumor cell death since gefitinib is
cytostatic and does not cause tumor cell death in monolayer models (figure 2), and there is
no evidence of rapid tumor cell death by microsopic analysis of tumors from pulse treated
mice (data not shown). The transient volume reduction seen on day 3 following the gefitinib
pulse is likely due to reduced tumor interstitial edema resulting from improved tumor
vascular hemodynamics and is consistent with the transient reduction in Kps combined with
the transient increase in fPV at this timepoint.
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Next we studied tumor vascular architecture and perfusion by fluorescence microscopy
using lectin-perfusion experiments. Lectin introduced into the vascular lumen stains the
vascular endothelium upon contact and the analysis of green fluorescence after intravenous
lectin-FITC injection identifies the vasculature that was succesfully perfused following the
intraveneous administration of the FITC-labeled lectin. Anti-CD31 antibodies also stain
endothelial cells and staining tissue sections with anti-CD31 identifies all vasculature
regardless of blood flow and perfusion characterstics. Therefore anti-CD31 stains the entire
vasculature and provides architectural information, while lectin-FITC perfusion stains only
the perfused vasculature and provides functional information that identifies the fraction of
the vasculature that is well perfused. Microscopic analysis shows that BT474 tumors grown
subcutaneously in mice have poor vascular perfusion (figure 4A). This is typical of many
xenograft models and tumor growth in general, and is not an artifact of poor lectin perfusion
of the mice, since analysis of sections from kidney and other organs shows good lectin-FITC
staining (data not shown). Comparing tumors from gefitinib treated and untreated mice
shows improved tumor vascular architecture and modestly increased lectin perfusion in
gefitinib treated mice (figure 4B).

Discussion

We report, for the first time, the effect of a HER family TKI on tumor vascular function.
While the effects of inhibitors of VEGF signaling have been extensively studied and
reported, other signaling pathways are also involved in regulating endothelial cell signaling
and tumor-endothelial cross-talk. The HER family of receptor tyrosine kinases are an
important family of signaling molecules that are known to be involved in endothelial cell
signaling, critically involved in many human tumors, and also involved in cross-talk with
VEGF signaling. We report here that high dose HER TKI gefitinib can be used to induce a
transient reduction in tumor Kps and a transient increase in fPV. These characteristics result
in a transient reduction in tumor volume that is consistent with reduced intersitial fluid and
likely reduced tissue hypertension, all of which create a micro-environment favorable for the
delivery of cytotoxic chemotherapy.

While our finding of decreased Kps mimics the data from VEGF targeted therapies, our
finding of increased fPV following gefitinib treatment is unlike the observations made with
VEGF targeted therapies. In several studies of VEGFR inhibitors fPV was either unchanged
or reduced following treatment (9-12,14,34). Ours is the first study using DCE-MRI to
assess tumor perfusion following HER TKiIs and the finding of increased fPV suggests that
this class of inhibitors may have vascular characteristics that are distinct from VEGF
targeting agents. The increased perfusion suggested by increased fPV and histologic
analysis, combined with improved endothelial wall pressure gradients suggested by the
reduced Kps may improve chemodelivery even more effectively than VEGF targeted
therapies. Gefitinib could increase tumor fPV by increasing flow, either through direct
effects on vascular tone, or through relief from the compressive effects of tissue
hypertension. Increased tumor blood flow has been seen with agents that relax tumor
vascular tone by targeting the endothelin receptor in tumor arterioles (35). While increased
flow alone, as with endothelin antagonists, could lead to increased tissue hydrostatic
pressure and increased tumor volume (35), the combination of increased flow and decreased
capillary permeabilty as seen with gefitinib could establish characteristics that most
effectively reverse the pathologic attributes of tumor vasculature, and re-establish more
physiologic efferent and afferent trans-endothelial exchange of fluids and solutes. The
reduced tumor volume that we see following a pulse of gefitinib treatment is suggestive of
reduced tumor edema and is consistent with such a model. Increased fPV could also reflect a
stable plasma volume and stable flow but could be secondary to a reduction in extracellular
fluid volume. A reduction in the extracellular tumor volume and total tumor volume (which
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we observe) would lead to a relative increase in the fractional plasma volume (fPV) that we
see.

The molecular mechanisms by which HER TKIs suppress tumor vascular permeability have
not directly been studied. In tumor cells, HER signaling induces a transcriptional program
leading to the expression of a number of angiogenic factors (36), and specifically induces
the expression and secretion of vascular endothelial growth factor (VEGF) through
pathways that include mTOR and HIF-1 (18,19), and the expression and activity of
angiogenic matrix metalloproteinases (37). In endothelial cells, HER kinases promote
angiogenic signaling that is independent of VEGF signaling (38,39). These angiogenic
effects are mediated through downstream Akt signaling (20,21). Since Akt signaling also
mediates permeability characteristics in endothelial cells (40,41), HER signaling may also
partially regulate endothelial permeability through its ability to regulate Akt.

These studies suggest a novel approach to enhance the efficacy of chemotherapeutics using
HER TKIs and the potential of DCE-MRI to monitor this activity during clinical translation.
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Figure 1.

60 mice bearing equal sized BT474 tumors were randomized into 6 groups and treated
according to 6 treatment arms as indicated. Paclitaxel was administered at the fixed standard
dose of 30 mg/kg given once per week. A) control arm received vehicle oral gavage daily,
B) daily gefitinib+paclitaxel arm received gefitinib at 60 mg/kg daily. This is the MTD for
daily gefitinib in this combination. C) Single agent daily gefitinib arm received gefitinib at
150 mg/kg daily. This is the MTD for single agent gefitinib. D) Paclitaxel alone arm
received vehicle oral gavage daily. E) pulse gefitinib+paclitaxel arm received gefitinib for
two days each week at 250 mg/kg followed by paclitaxel on the third day. This is the MTD
for gefitinib in this combination. F) The pulse gefitinib alone arm received gefitinib for two
days each week at 250 mg/kg. This arm is a no-paclitaxel control for arm E.
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Figure 2.

BT474 cells were seeded in 10cm dishes and the following day treated with the indication
concentrations of paclitaxel concomitantly with 5uM gefitinib or DMSO (dimethyl
sulfoxide) vehicle control. After 24 hours, cells were harvested and apoptotic cells were
identified and quantitated by FACS analysis of annexin V binding as described in methods.
Annexin V binding identifies apoptotic cells.
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Figure 3.

Mice bearing BT474 tumors of approximately equal size were treated according to 3
treatment arms. A) A schematic displaying the treatments administered in the three arms.
The pulse-treatment arm consisted of 6 mice receiving gefitinib for only two days at 1000
mg/kg/day. The continuous-treatment arm consisted of 6 mice receiving gefitinib daily at
150 mg/kg/day. The control arm consisted of four mice receiving vehicle by oral gavage. All
mice underwent DCE-MRI studies at baseline and on day 3 and on day 8 as depicted. B)
Transendothelial permeability (Kps) values were calculated for each of the three treatment
arms at the three studied timepoints. Y axis reflects Kps in m1/100g/min. B) Fractional
plasma volume (fPV) was calculated for each of the three treatment arms at the three studied
timepoints. Y axis reflects fPV as a fraction of 1. C) Tumor volume in voxel numbers is
shown for each of the three treatment arms at the three studied timepoints. Error bars; SD.
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Figure 4.

Eight mice bearing BT474 tumors of approximately equal size were divided into two groups
and treated with 1000 mg/kg gefitinib for two days or control gavage and on the third day
the tumor vasculature was studied by lectin-perfusion in vivo staining and by anti-CD31
immunostaining of tumor sections as described in methods. Lectin perfusion staining is in
green; anti-CD31 staining is in red.
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